The seasonal dynamics of primary production in the upstream Kuroshio was studied to understand why pelagic fish are relatively populous in this oligotrophic tropical ocean region. The relative importance of new production from nitrate uptake vs. Trichodesmium N 2 fixation was compared to differentiate the seasonal production dynamics in the upstream Kuroshio from that in the neighboring and interacting northern South China Sea (SCS). Unlike the SCS, which was most productive in the winter, seasonal fluctuation of primary production (0.51-0.53 g C m 22 d 21 ) was not apparent in the upstream Kuroshio. The seasonality in new production in the Kuroshio, in contrast, was pronounced. Its nitrate-uptake-based new production was high in the winter (0.27 g C m 22 d 21 ) and low in the summer (0.16 g C m 22 d 21 ); conversely, Trichodesmium N 2 -fixation-based new production was low in the winter (2.4 mmol N m 22 d 21 ) and high in the summer (168.1 mmol N m 22 d 21 ). In the summer when nitrate-uptake-based new production was low due to nitrate depletion, the Kuroshio remained productive because of enhanced Trichodesmium N 2 fixation from strong stratification and a deepened nitracline. The standing crop of Trichodesmium was consistently much higher in the Kuroshio (34.61 3 10 6 and 0.49 3 10 6 trichomes m 22 in the summer and winter, respectively) than in the SCS (4.87 3 10 6 and 0.15 3 10 6 trichomes m 22 , respectively). In both regions, surface water temperature correlated significantly with increased Trichodesmium stocks. At a given temperature, higher Trichodesmium standing crop in the Kuroshio than the SCS was related to the deeper nitracline and ensuing decrease in nitrate availability in the Kuroshio.
The Kuroshio and South China Sea (SCS) are two neighboring and interacting waterbodies in the western North Pacific. The Kuroshio spans a wide range of latitudes from tropical 15uN to temperate 40uN. Before passing southeastern Taiwan, the upstream Kuroshio flows by the Luzon Strait, which is the deepest passage between the western Pacific and the SCS. A branch of the Kuroshio intrudes through the southern Luzon Strait into SCS at a depth between 1,500 and 1,900 m. Its upper water mass mixes upward and eventually flows out of the SCS basin through the northern Luzon Strait at an intermediate depth of 500-1,000 m before being reunited with the main stream Kuroshio (Gong et al. 1992) . As the upstream Kuroshio enters the SCS, the ensuing upwelling brings nutrient-laden water closer to the surface. The nutricline in the northern SCS is uplifted by as much as 100 m relative to the West Philippine Sea as well as the upstream Kuroshio (Gong et al. 1992 ). The SCS is one of the major marginal seas on Earth, extending from the equator to 22uN. Its deep basin (5,000 m) is located in the northeast. The SCS is heavily influenced seasonally by monsoons. The northeastern monsoon, which corresponds to the formation of cyclonic gyres, prevails in winter and spring; the southwestern monsoon in summer and autumn creates anticyclonic gyres (Liu et al. 2002) . The upstream Kuroshio also is influenced strongly by the same monsoons. 1 Corresponding author (yllee@mail.nsysu.edu.tw).
The upstream Kuroshio, despite its oligotrophic characteristics, supports several pelagic fisheries such as sailfish (Chiang et al. 2004 ) and dolphin fish (Wu et al. 2006) . It is also a famous region for whale watching. This trophic enigma also occurs elsewhere. Longhurst (1998) was puzzled by the high concentrations of tuna in the oligotrophic water of the Western Pacific Warm Pool. Understanding the primary production and trophic structure of these ecosystems is essential for elucidating how the trophic system of these oligotrophic waters supports the relatively populous top predators.
In contrast to the downstream Kuroshio near Japan (Hama 1992) or northern SCS (Wu et al. 2003; Chen 2005; Chen and Chen 2006) , our understanding of the primary or new productions in the upstream Kuroshio is very limited. The few studies of primary production in the Kuroshio off eastern Taiwan were three decades ago and covered mostly the warm seasons. A study conducted between 21u309-25u309N and 121u-122uE during May and August 1973 showed that primary production varied between 0.07 and 0.59 g C m 22 d 21 (Hung 1975) . A later study revealed relatively higher primary production of 0.55 6 0.23, 0.72 6 0.26, and 0.75 6 0.27 g C m 22 d 21 in April, July, and August, respectively (Hung et al. 1979) .
In most oceanic environments, nitrogen availability limits phytoplankton growth in the upper euphotic layer. In addition to recycled nitrogen, nitrate that diffuses from deep waters and atmospheric N 2 that is fixed by diazotrophs are two main sources of nitrogen supporting phytoplankton growth. Their contributions have been regarded as new production (Dugdale and Goering 1967) and are called nitrate-uptake-based (NO 3 -NP) and N 2 -fixation-based new production (N 2 -fix). Previous studies in the East China Sea (Chen et al. 1999) and SCS (Chen 2005; Chen and Chen 2006) showed that nitrate-uptake-based new production is positively correlated with nitrate availability, which was best related to the nitracline depth. Although both surface nitrogen and phosphorus are very scarce in the SCS, phosphorus is relatively more available than nitrogen (Wu et al. 2003) . Nitrogen availability determines the seasonal dynamics of phytoplankton biomass, production, and community structure (Chen 2005; Chen and Chen 2006) . In the winter, when cold, strong winds of the northeast monsoon mix surface waters and enhance surface nitrate abundance, the relatively shallow nitracline is raised closer to the surface in the SCS (Chen 2005) . This distinct seasonal variation of surface nutrient abundance in the SCS causes a clear seasonal pattern of nitrate-uptake-based new production and primary production, which are both maximized in winter.
Although both the upstream Kuroshio and the SCS basin are typical of tropical or subtropical environments, the nutrient dynamics of their surface water are different. As mentioned above, Gong et al. (1992) observed that nutricline in the northern SCS is shallower than the Kuroshio. In oligotrophic waters where nitrogen is limited, nitracline is a more precise parameter than nutricline in describing nutrient dynamics. In this regard, Chen et al. (2003) also observed that in summer nitracline is shallower in the SCS than in the Kuroshio. Although winter mixing causes shoaling of the nitracline in the SCS (Chen 2005) , the behavior of the nitracline in the winter along the warm and rapid flowing Kuroshio remains to be studied. If the nitracline of the Kuroshio shoals like that in the SCS, then the magnitude of nitrate-uptake-based new production in the Kuroshio presumably would also be affected.
Blue-green algae of the genus Trichodesmium are the most important N 2 -fixing diazotrophs in tropical and subtropical oceans. Although nitrate can be taken up by Trichodesmium for growth under culture conditions, it is a poor nitrogen source for natural populations of Trichodesmium growing in oligotrophic seas . Trichodesmium is known to prosper in stratified, open oceans where turbulence is low and input of advected nitrate from the deep is low, and supply of iron or phosphorus is sufficient (Capone et al. 1997) . In nutrientdepleted oceans where growth of most nondiazotrophs is limited by the availability of reduced forms of nitrogen, N 2 -fixing plankton often outcompete their nondiazotrophic counterparts (Karl et al. 2002) .
In the summer, although conditions in both the SCS and upstream Kuroshio seem favorable for Trichodesmium growth, Trichodesmium flourishes only in the Kuroshio. Its standing crop in the neighboring SCS basin is surprisingly low . Wu et al. (2003) blamed iron deficiency for its scarcity, but Chen et al. (2003) suggested that the shallow nitracline was the cause. Thus, seasonal comparison of the role of nitracline depth in affecting relative contributions of nitrate-uptake-based or N 2 -fixation-based new production to the primary production between the two regions would clarify whether Trichodesmium in the Kuroshio diminish in response to nitrate enrichment from shoaling of the nitracline as observed in the SCS . N 2 fixation from Trichodesmium averages at least 27% of new production at Sta. ALOHA (22u459N, 158u009W) in the subtropical North Pacific Ocean (Letelier and Karl 1996) ; however, the importance of N 2 fixation by Trichodesmium to the nitrogen and carbon dynamics in the Kuroshio ecosystem is unknown.
In addition to the nitracline depth, water temperature is a major factor controlling the seasonal variation of Trichodesmium stocks. Trichodesmium is distributed where temperatures are between 20uC and 30uC (Capone et al. 1997) and thrives when temperature is 25uC or warmer. In the laboratory, Atlantic Trichodesmium strain IMS 101 grows between 20uC and 34uC; growth rate and nitrogen fixation rate maxima occur between 24uC and 30uC (Breitbarth et al. 2007 ). Its growth rates are significantly reduced at temperatures below 24uC. Most published studies of Trichodesmium in the Kuroshio were conducted in the downstream region in temperate waters near Japan. At that relatively high latitude of 29uN, Trichodesmium standing crop is abundant in summer when temperature is above 24uC but is almost entirely absent in winter when temperature drops below 20uC (Marumo and Nagasawa 1976) . At 25-26uN near the southern East China Sea, Trichodesmium densities have a seasonal cycle similar to that in the downstream Kuroshio (Chang et al. 2000) . The effect of water temperature on Trichodesmium stocks in the upstream Kuroshio, where winter water temperature is warmer than in the downstream Kuroshio, remains to be studied. Although in the summer Trichodesmium standing crop in the upstream Kuroshio at around 19-22uN is much greater (12 3 10 6 to 44 3 10 6 trichomes m 22 ) than in the SCS (0.6 3 10 6 to 8.0 3 10 6 trichomes m 22 ) , it is not known whether this superiority persists in winter when the surface waters cool. Comparison of the two waterbodies with similar annual surface water temperature variations allowed us to elucidate the relative importance of surface temperature and nitrate availability on Trichodesmium growth in the natural environment.
The purposes of this study were to (1) investigate the seasonal dynamics of primary production in the upstream Kuroshio, (2) compare the relative importance of nitrateuptake-based new production and N 2 -fixation-based new production by Trichodesmium in the upstream Kuroshio and SCS, and (3) investigate which environmental factors contribute to the seasonal variations of new production from nitrate uptake and from Trichodesmium N 2 fixation. These results might help to elucidate why pelagic fish are relatively populous in this oligotrophic tropical ocean region. The SCS basin in which our understanding on phytoplankton production is more comprehensive was used as a reference for comparison during statistical analyses. To our knowledge, this is the first report on the nitrateuptake-based new production and N 2 -fixation-based new production by Trichodesmium in the upstream Kuroshio.
Methods
Data sets from 16 cruises conducted between July 2002 and January 2007 were compared in the present study (Table 1) . Sampling in the Kuroshio and the SCS were carried out during separate cruises, except for SKII. The Kuroshio cruises in April-May, July-August, and December were designated as spring, summer, and winter cruises, respectively. A total of 17 sampling stations (K1-K17) located between 19uN and 24uN in the eastern Luzon Strait or the east coast of Taiwan were occupied during the Kuroshio cruises. The cruises in the SCS covered all four seasons and occupied three stations (S1-S3) in the northern SCS basin located between 18uN and 22uN. The Kuroshio and SCS stations are divided by the latitude 121uE (Fig. 1) . Sta. S3 was the South East Asia Time Series Station (SEATS) and was visited more frequently than the other stations. Some of the data were reported previously, including SCS production during cruises 708 and 722 , Trichodesmium data from four Kuroshio stations during cruise 650 , and production and Trichodesmium data for some stations during cruise SKII (Chen et al. 2007b) .
During the cruises, in addition to routine conductivitytemperature-depth (CTD) casts and water collections for chemical and biological studies, productivity was measured at most of the stations (Table 1) . Water samples for nutrient analyses and biochemical measurements were collected by 20-liter Go-Flo bottles from six depths corresponding to 100%, 46%, 38%, 13%, 6%, and 0.8% of surface irradiance. The Go-Flo bottles were attached to a rosette frame that housed a Seabird SBE-9 CTD and a photosynthetically active radiation (PAR) sensor (OSP200L, Biospherical). Surface irradiance was continuously monitored during the productivity measurement experiments. Chlorophyll a (Chl a) concentrations were fluorometrically determined (F3010, Hitachi) following acetone extraction (Strickland and Parsons 1972) . Nitrate and nitrite concentrations (N+N) were measured by the chemiluminescent method (Garside 1982 ) with a detection limit of 1-2 nmol L 21 . Depth of the euphotic zone (D eu , m) was defined as the depth at which light intensity was 0.8% of surface irradiance. Mixed layer depth (D m , m) was defined as the layer of water having a density (s h ) gradient (Borgne et al. 2002) and was used as an index to infer nitrate availability to phytoplankton in upper water column. It represents the stock abundance of surface nitrate as well as the upward diffusion potential of deep nitrate. Nanomolar level soluble reactive phosphorus (SRP) was determined by the modified-MAGIC (magnesium-induced coprecipitation) method (Thomson-Bulldis and Karl 1998); it was corrected for arsenate interference and has a detection limit of 2-3 nmol L 21 within the range of 10-50 nmol L 21 . Experiments to simulate in situ phytoplankton uptake of NaH 13 CO 3 were conducted aboard ship to estimate primary production (Hama et al. 1983 ). Uptake of Na 15 NO 3 was measured to quantify nitrate-uptake-based new production (NO 3 -NP) (Dugdale and Wilkerson 1986) . For both experiments, water samples were collected from the same six depths as for nutrient analysis. The water was immediately transferred into two sets of three 2.3-liter transparent polycarbonate bottles, one set for primary production measurement and the other for new production measurement. Each set had two light bottles and one dark bottle. The bottles were covered with layers of neutral density screen to simulate irradiances at the sampling depths and incubated on deck under natural light in clear plastic incubators circulated with flow-through surface seawater. For most experiments, the incubations started at approximately 08:00-09:00 h and lasted for 3 h. Concentration of total carbon dioxide was calculated based on alkalinity of seawater (Strickland and Parsons 1972) . Before incubation, NaH 13 CO 3 (99 atom %, Isotec, SigmaAldrich) solution was added to the primary production bottles for a final concentration of 0.19 mmol L 21 . Na 15 NO 3 solution was added to the new production bottles at a concentration equivalent to one-tenth of ambient nitrate concentration, which was determined with a detection limit of 0.5 mmol L 21 by an onboard flow injection analyzer adapted to the pink azo dye method (Pai and Riley 1994) . Whenever the ambient nitrate concentration was below the detectable limit, 0.03 mmol L 21 of Na 15 NO 3 was added and the ambient water sample was frozen for later measurement by the chemiluminescent method. The initial and incubated waters were filtered through precombusted (450uC, 4 h) Whatman GF/F glassfiber filter papers. The filtered samples were fumed for 2 h with HCl to remove carbonate and were completely dried in a vacuum desiccator. Concentrations of particulate organic carbon, particulate nitrogen, and the isotopic ratios of 13 C : 12 C and 15 N : 14 N were measured by an automatic nitrogen and carbon analysis (ANCA) 20-20 mass spectrometer (Europa Scientific). Measurements of 13 C atom % and 15 N atom % were reproducible at a precision of 60.0002% and 60.0003%, respectively. When NO 3 -NP was calculated, nitrogen was converted to carbon by assuming the molar Redfield ratio stoichiometry, C : N is 6.6 (Dugdale et al. 1989 ). Depth-integrated production was calculated by trapezoidal integration of the entire euphotic zone (0.8-100% surface irradiance) for primary production (I PP ) and nitrate-uptake-based new production (I NO 3 ÀNP ), and expressed as g C m 22 . Daily production rates were calculated by extrapolating 3-h incubation rates to 24-h rates, based on the time period each batch of incubations was conducted. The short-term uptake rates and application of photoperiod conversion factors were established in a preliminary study in the northern SCS based on the method developed by Cochlan et al. (1991) .
Specimens for enumeration of Trichodesmium were prepared on board by filtering a 1.2-or 2.4-liter water sample onto a 10-mm Nuclepore filter (25 mm in diameter). A drop of immersion oil was placed on the filter paper that was laid on a microscope slide. A cover slip was then placed on top of the filter. The specimens were kept in darkness at 220uC until microscopic examination. Trichomes and colonies on the entire filter were counted (Carpenter et al. 1999 ) at a magnification of 3100 to 3400 using a Zeiss epifluorescence microscope with blue excitation. Depth-integrated Trichodesmium abundance was calculated by trapezoidal integration from the surface to 100-m depth and expressed as trichomes m 22 , because Trichodesmium occurred mainly in the upper 60 m of the water column in the SCS and in the upper 100 m in the Kuroshio .
Rates of N 2 fixation were measured by the 15 N-labeled N 2 method (Montoya et al. 1996) , which estimates net N accumulation into particulate organic nitrogen. Trichodesmium colonies were collected by a 100-mm mesh plankton net towed gently in the surface water for 10 min. The plankton sample was placed in a plastic bucket containing GF/F filtered surface seawater. Trichodesmium colonies were hand picked immediately by use of a plastic bacteriological transfer loop and placed into a plastic container with filtered seawater. Approximately 10-30 colonies were transferred to a 120-mL Nichiden-Rink serum bottle with filtered seawater. The bottle then was overfilled with filtered seawater and sealed with a Teflonlined butyl rubber septum cap. A gas-tight syringe was used to inject 0.2 mL of highly enriched (99 atom %) 15 N 2 (Isotec, Sigma-Aldrich) into the inverted sample bottle. Excess water was dripped from the bottle through a vent needle placed in the septum before injection. The sample bottles were incubated at one to four light penetration depths (LPD) (100%, 46%, 13%, and 0.8% of surface light intensity) following the method described for the production measurements. Two replicates were prepared for each LPD. The bottles were incubated on deck under natural light in clear plastic incubators circulating with flowing through surface seawater so that the incubation temperature was the same as the surface water temperature. The incubation lasted for between 3 and 8.5 h and ended before sunset. The initial and incubated waters were filtered through precombusted (450uC, 4 h) Whatman GF/F filter papers. Concentrations of particulate nitrogen and the isotopic ratios of 15 N : 14 N were measured. Daily N 2 -fixation rate was calculated by multiplying the hourly rate by 12, assuming that N 2 fixation for Trichodesmium occurs only during the light period (Berman-Frank et al. 2003) .
Results
Water properties important to phytoplankton productionWinter was the most distinctive season in terms of water properties in the upstream Kuroshio and northern SCS. Regional differences were also observable. The depths of the euphotic layer (D eu ), mixed layer (D m ), and nitracline (D ni ) generally were deeper in the Kuroshio than in the SCS ( Table 2 ). The average D eu in the Kuroshio were 104, 127, and 128 m in the winter, summer, and spring, respectively; and were 78 m in the winter and 100-116 m during the rest of the year in the SCS (Table 2 ). In almost all instances, D m was shallower than D eu , which shoaled in the winter (Table 2) . In both regions, D m was much deeper in the winter than in the other seasons, but the water column was more stratified in the warm seasons (summer and autumn) than the cool seasons (spring and winter). Surface water temperature differed little between the two regions; the greatest regional difference (approximately 1uC) occurred in the winter. The nitracline deepened as the warm season approached (Table 2) . Although the D ni in the Kuroshio averaged 10-13 m deeper than in the SCS in summerspring, it showed little regional difference in winter. Surface NO 3 +NO 2 concentration (N+N) decreased from winter to summer in both regions, plunging from 107 nmol L 21 to 16 nmol L 21 in the Kuroshio, and from 93 nmol L 21 to 12 nmol L 21 in the SCS as the season shifted. The N+N : SRP ratios for both regions (between ,1 and 5) were far smaller than the Redfield ratio of 16, indicating a potential shortage of nitrogen relative to phosphorus for the growth of nondiazotrophic phytoplankton. In both regions, wintertime surface Chl a concentration (0.33-0.43 mg m 23 ) was three times that in the other season (0.09-0.15 mg m 23 ) ( Table 2 ).
Trichodesmium standing crop-In both the Kuroshio and the SCS, in contrast to the high wintertime surface N+N and Chl a concentrations, Trichodesmium was least abundant in the winter and most abundant in the summer and autumn. In the Kuroshio, Trichodesmium averaged 34.61 3 10 6 trichomes m 22 in the summer, but only 0.49 3 10 6 trichomes m 22 in the winter. Its highest summertime standing crop (55.27 3 10 6 trichomes m 22 ) was more than two orders of magnitude higher than the lowest wintertime standing crop (0.42 3 10 6 trichomes m 22 ) ( Fig. 2A ). There were fewer Trichodesmium in the SCS than the Kuroshio in every season (Fig. 2B) . In the SCS, the standing crop averaged 4.87 3 10 6 to 3.55 3 10 6 trichomes m 22 in the summer and autumn, but only 0.15 3 10 6 trichomes m 22 in the winter. The summertime maximum (8.62 3 10 6 trichomes m 22 ) was three orders of magnitude higher than the wintertime minimum (0.008 3 10 6 trichomes m 22 ). More Trichodesmium lived as free trichomes in the SCS (45-100% of total population) than in the Kuroshio, where 31%, 35%, and 78% of free-living trichomes were observed in the summer, spring, and winter, respectively.
When the data sets for the Kuroshio ( Fig. 2A ) and the SCS (Fig. 2B) were analyzed singly or in combination (Fig. 2C) , surface temperature correlated significantly with increased Trichodesmium stocks. The much steeper slope 
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35635 (n52) 6567 (n510) 73610 (n59) 41615 (n55) 5565 (n54) 60610 (n55) 51614 (n53) Chl for the Kuroshio population (0.382 6 0.061, Fig. 2A ) than the SCS population (0.240 6 0.040, Fig. 2B ) indicates that at the same surface temperature, there were more Trichodesmium in the Kuroshio than in the SCS. This agrees with the fact that there was always a higher abundance of Trichodesmium in the Kuroshio than in the SCS all year around. Based on the regression equations ( Fig. 2A,B) , the Kuroshio would have 25.177 3 10 6 trichomes m 22 and the SCS would have 5.741 3 10 6 trichomes m 22 when surface water temperature was 30uC; at 27uC, the Kuroshio and the SCS would have 1.797 3 10 6 and 1.094 3 10 6 trichomes m 22 , respectively. This difference could be attributed to the deeper nitracline in the Kuroshio than in the SCS. In addition to surface temperature, D ni also correlated significantly with increased Trichodesmium in the combined analyses (Fig. 2D) Table 3 ), the D ni alone represented both the seasonal difference, which partially reflected the effects of surface temperature, and the spatial differences, i.e., the deeper nitracline in the Kuroshio supported a higher standing crop than the SCS. In addition, when analyzed singly, the abundance of Trichodesmium in both regions was also significantly and positively related to D ni (Kuroshio r 5 0.62, p , 0.01; SCS r 5 0.54, p , 0.05).
In fact, many of the ecological factors in the present study were highly interrelated. Surface water temperature was negatively related to surface nutrients, Chl a concentration, and the light extinction coefficient (K) and was positively related to the stratification index (SI), and D ni (Table 3) . D ni was, moreover, negatively related to surface N+N and Chl a concentration. Chl a concentration was positively related to nutrient abundance. SI also was negatively related to D m . K was often negatively related to surface temperature and D ni but was positively related to the abundance of surface nutrients and Chl a. With covariation among the ecological factors, it is not surprising that Trichodesmium abundance in the Kuroshio correlated significantly (p , 0.05) with decreased surface SRP. This negative relationship does not mean that phosphorus reduces growth of Trichodesmium in this part of the ocean. Rather, it only reflects the close relationship between surface SRP and surface temperature or D ni . Although frequent intercorrelations among variables is common and cannot be prevented easily in field research, the regression equations should be interpreted cautiously. A significant regression relationship does not necessarily imply a cause-effect relationship. In addition, the effect of an independent variable on a dependent variable might represent a synergetic effect from covarying factors or a surrogate of its covarying factors. The implications for the regression equations established in this study will be addressed further in the Discussion.
New production from Trichodesmium N 2 fixation-The magnitude of N 2 -fixation-based new production by Trichodesmium was fairly consistent with the magnitude of the standing crop because the variation for the measured specific N 2 -fixation rate was much smaller than that for the standing crop. While new production from Trichodesmium N 2 fixation was higher in the Kuroshio than the SCS, it was the highest in the summer and the least in the winter in both regions (Fig. 3) . Trichodesmium N 2 -fixation-based new production in the Kuroshio were 168.1, 34.7, and 2.4 mmol N m 22 d 21 for the summer, spring, and winter, respectively (Table 4) . These productions were about 10 times higher than that in (Table 4 ). Although the above trends were deduced from data collected at many stations at unsynchronized schedules, the same trend was apparent at the two most frequently sampled stations, K14 in the Kuroshio (Fig. 4) and S3 in the SCS basin (Fig. 5) .
Nitrate-uptake-based new production-In both regions, seasonal variation of nitrate-uptake-based new production was the opposite of the seasonal variation of Trichodesmium standing crop (Fig. 6A) . The mean water-column integrated nitrate-uptake-based new production (I NO 3 ÀNP ) in the Kuroshio was 0.27 g C m 22 d 21 in the winter and 0.16 g C m 22 d 21 in the summer. In the SCS, mean wintertime I NO 3 ÀNP was 0.23 g C m 22 d 21 in the winter and 0.08 g C m 22 d 21 in the summer (Fig. 6A ). During the spring or autumn as the I NO 3 ÀNP modulated between winter highs to summer lows, I NO 3 ÀNP in the Kuroshio (Table 4) was closer to its summertime magnitude, while I NO 3 ÀNP in the SCS was closer to the wintertime values (Table 4) . The greater I NO 3 ÀNP in the Kuroshio than the SCS was attributed to the deeper euphotic layer and ensuing greater euphotic depth during the trapezoidal integrations (Figs. 4 and 5). Surface NO 3 -NP was usually lower in the Kuroshio than the SCS (Table 4 ) except in summer.
While both surface and integrated NO 3 -NP in the SCS were consistently correlated with D ni and Chl a concentration, only surface NO 3 -NP in the Kuroshio showed a significant correlation; therefore, we compared only the results based on surface productions (Fig. 7) . In both the Kuroshio (Fig. 7A,B ) and the SCS (Fig. 7C,D Relative importance of Trichodesmium N 2 fixation and nitrate uptake-Nitrogen from nitrate appeared to be a more important nitrogen source supporting new production than nitrogen from N 2 fixation in both the Kuroshio and the SCS. The ratios of N 2 -fixation-based new production by Trichodesmium (N 2 -fix) to NO 3 -NP plus N 2 -fix were usually ,0.1. The ratios showed clear regional and seasonal patterns and were always higher in the Kuroshio than in the SCS for any season (Fig. 8) . The highest seasonal mean ratio occurred in the summer in both regions (Fig. 8) . The highest ratio was 0.08 in the Kuroshio, and the highest ratio was 0.01 in the SCS. The ratios in the winter were generally ,0.001.
Primary production-Primary production in the Kuroshio did not show significant seasonality. Seasonal means of integrated primary production (I PP ) in the winter, spring, and summer were 0.53, 0.54, and 0.51 g C m 22 d 21 , respectively (Fig. 6B) . The I PP was not correlated with either surface water temperature (r 5 20.06, p . 0.05; 20.64, p , 0.01, Table 3 ). These relationships indicate that surface water in the Kuroshio tended to be less productive when the water column was highly stratified. Highly stratified water also tended to have shallow mixing layer. In contrast to the Kuroshio, I PP in the SCS correlated significantly with decreased surface water temperature (p , 0.05, Fig. 9C ) and to increased I NO 3 ÀNP (p , 0.01, Fig. 9D ). The I PP showed pronounced seasonal fluctuation (Fig. 6B) . The seasonal means of I PP were 0.62, 0.54, 0.50, and 0.36 g C m 22 d 21 for winter, autumn, spring, and summer, respectively (Table 4 ). Similar to NO 3 -NP, surface PP was generally higher in the SCS than in the Kuroshio except in summer (Table 4 , Figs. 4 and 5). In the winter, the deeper euphotic zone in the Kuroshio than in the SCS lessened the spatial difference in I PP as compared with surface PP.
Discussion
Unlike the SCS, which is most productive in the winter and least productive in the summer, seasonality of phytoplankton productivity in the upstream Kuroshio was not apparent. This regional contrast was mainly attributed to the difference in relative importance of new production from N 2 fixation and nitrate uptake. Although the primary production in the upstream Kuroshio varied little seasonally, there was a pronounced seasonality in new production. In the Kuroshio, nitrate uptake by phytoplankton probably was not the only major component of new production, because the quantitative relationship between primary production and I NO 3 ÀNP was not significant. In the SCS, by contrast, primary production and I NO 3 ÀNP were well synchronized. A significant contribution from N 2 fixation in the SCS was unlikely because of its small Trichodesmium population. Thus, nitrate-uptakebased new production was likely the predominant component of new production, and consequently would determine the dynamics of primary production. Although the summertime I NO 3 ÀNP in the Kuroshio was only slightly higher than in the SCS, the primary production in the Kuroshio was higher than that in the SCS. The discrepancy could be attributed to the larger Trichodesmium population and associated higher N 2 -fixation production in the Kuroshio than the SCS.
Nitrate-uptake-based new production and nitracline depth-In both the Kuroshio and the SCS, the relative contribution to new production from nitrate uptake was more important in the cold season than in the warm season; conversely, N 2 fixation by Trichodesmium was more important in the warm season. Both forms of new production were significantly related to nitrate availability, which was represented by the nitracline depth (D ni ). A shallow nitracline was correlated with an enhanced I NO 3 ÀNP but a reduced N 2 -fixation-based new production. A high wintertime I NO 3 ÀNP in the SCS basin was attributed to the shallow nitracline caused by the cold, strong winds of the prevailing northeast monsoon (Chen 2005; Chen and Chen 2006) . The nitracline was deeper in the warm season in the Kuroshio than in the SCS, but at similar depths in the cold season. The shallow wintertime nitracline supported enhanced I NO 3 ÀNP in the Kuroshio. Wintertime I NO 3 ÀNP was slightly higher in the Kuroshio (0.27 g C m 22 d 21 ) than the SCS (0.23 g C m 22 d 21 ), which could be attributed to the deeper euphotic layer in the Kuroshio (104 m) than the SCS (78 m). Wintertime-averaged NO 3 -NP in the euphotic zone was slightly higher in the SCS (2.95 mg C m 23 d 21 ) than in the Kuroshio (2.60 mg C m 23 d 21 ). A deeper euphotic layer in the Kuroshio provided increased depth for phytoplankton growth and enhanced both I NO 3 ÀNP and I PP so that they were comparable to those in the SCS.
Trichodesmium standing crop and nitracline depth-The standing crop of Trichodesmium was consistently higher in the Kuroshio than in the SCS in every season. The nitracline depth and surface water temperature were significantly correlated with the standing crop in the multiple regression analysis of combined Kuroshio and SCS data. Chen et al. (2003) considered nitracline depth to be the most important factor on the seasonal Trichodesmium biomass in the SCS, although their data did not include observations in winter. They also attributed differences in summertime Trichodesmium biomass in the SCS and the Kuroshio to the different nitracline depths. Our present results confirm the usefulness of nitracline depth in predicting the standing crop of Trichodesmium, both for seasonal and regional comparisons.
Nevertheless, nitracline depth could result from a combination of factors that differ between the two regions since it is correlated with many ecological factors. In addition to having a deeper nitracline, the Kuroshio generally had deeper mixed and euphotic layers than the SCS (Table 2) . Conditions favorable for Trichodesmium growth are a stable water column with a mixed layer around 100 m, low nutrients, very clear water, and deep light penetration (Capone et al. 1997) . The upstream Kuroshio water better fits those conditions than the SCS.
Less Trichodesmium was found in the water with a shallow nitracline (Fig. 2) , which usually implies high nitrate abundance (Table 3 ). In the field, Trichodesmium is unlikely to compete successfully for nitrate with other faster growing phytoplankton. The abundance of Trichodesmium was inversely correlated with primary production at the station ALOHA in the subtropical North Pacific Ocean (Letelier and Karl 1996) . Trichodesmium can use various forms of fixed nitrogen, including ammonium, urea, and nitrate; however, the rate of nitrate uptake is relatively low, and nitrate is considered to be a poor source of N for natural populations of Trichodesmium growing in oligotrophic seas ).
Trichodesmium standing crop and surface temperatureIn addition to the nitracline depth, surface water temperature and mixed layer depth also were significantly associated with Trichodesmium standing crop and N 2 -fixation-based new production. Surface temperature alone was a good indicator of the seasonal variations of Trichodesmium standing crop in both the Kuroshio and the SCS. Temperature has been considered critical in controlling the growth of Trichodesmium because populations diminish when water temperatures drop below 20uC and blooms rarely occur below 25uC (Capone et al. 1997) . Although Trichodesmium can survive water temperatures as low as 20uC and as high as 34uC, its optimum growth temperature is 27uC (Breitbarth et al. 2007 ). Surface water temperature in the Kuroshio and the northern SCS is always above 20uC. A positive linear relationship was shown between surface temperatures of 23.39uC and 30.35uC and Trichodesmium standing crop.
Surface temperature alone is not the best parameter to predict the spatial variation of Trichodesmium. The seasonal standing crop of Trichodesmium differed greatly between the Kuroshio and the SCS basin, although their surface temperatures were almost the same. The upstream Kuroshio and the SCS water in the present study were always warmer than 24uC, which is above the temperature associated with Trichodesmium blooms. Temperature is related to many ecological factors that substantially control the propagation or distribution of Trichodesmium. In the present study, surface temperature was significantly correlated with nutrient concentrations, nitracline depth, stratification of the water column, and the light extinction coefficient. Other field studies also show significant correlations between surface temperature and other ecological factors. It is difficult to distinguish whether the relationship was from the direct effects of water temperature alone or from indirect effects of temperature, such as mixed layer depth, light and nutrients, or even from a combination of effects. By assuming that temperature had no control over Trichodesmium growth, Hood et al. (2004) successfully reproduced the distribution pattern of Trichodesmium in the Atlantic with a coupled physical-biological model defined by high light intensity, weak vertical mixing, and low dissolved inorganic nitrogen concentrations. By contrast, growth and nitrogen fixation rates of laboratorycultured Trichodesmium IMS101 were maximized at temperatures between 24uC and 30uC and were significantly reduced at temperatures below 24uC (Breitbarth et al. 2007) . Breitbarth et al. (2007) concluded that observed correlation of Trichodesmium stocks with temperature in the field primarily reflects the direct physiological effects of temperature on diazotrophic growth of Trichodesmium. Our results, however, suggest otherwise. Although a temperature effect sufficiently explains the seasonal variations, it is far from sufficient to explain the difference in Trichodesmium stocks in the Kuroshio and the SCS, which have very similar seasonal temperature regimes. In our multiple regression analyses, the significance of the nitracline depth in estimating the Trichodesmium standing crop emphasizes the potential importance of nitrate availability and/or its covarying environmental factors. Our results indicated that the effects of temperature on Trichodesmium growth from field studies could be greatly modified by other environmental factors. These modifications resulted in the significant difference observed in Trichodesmium stocks in the Kuroshio and the SCS even when temperature differences were small.
Trichodesmium standing crop and other environmental factors-The result that the availability of nitrate correlates with decreased Trichodesmium stocks implies that when nitrate is available Trichodesmium is outcompeted for other resource. Iron and phosphorus are the two elements most likely to limit Trichodesmium growth. Diazotrophs are more susceptible to iron limitation than nondiazotrophs because additional iron is needed for nitrogenase, an ironrich enzyme, and the additional energetic requirements for nitrogen fixation that could be supported by increasing photosynthetic proteins. Wu et al. (2003) hypothesized that the standing crop of Trichodesmium in the SCS is limited by iron availability. Despite the supply from atmospheric dust deposition (Duce et al. 1991) , bioavailable iron in this region is limited because of the lack of iron-binding organic ligands in the surface water. The hypothesis can be tested only when various forms of bioavailable iron or ironbinding organic ligands in natural water are effectively quantified. One other possible approach is to directly measure the iron nutritional status of Trichodesmium. Detection of the iron-deficiency-induced protein A (IdiA) or other proteins that are expressed when available iron is limited is a potential method (Webb et al. 2001) .
Our result that nitracline depth correlated with decreased Trichodesmium stocks does not conflict with the idea that iron availability affects Trichodesmium stocks in the study waters. Assuming that iron availability varies little spatially or temporarily, if the nitracline is deep and growth of nondiazotrophs is restrained by low nitrate, iron availability to Trichodesmium would increase because fewer nondiazotrophs would be present to compete for iron. On the other hand, if the nitracline is shallow and nitrate is available, nondiazotrophs that use nitrate more efficiently and iron concentrations as much as 2.5-fold to a hundredfold lower than diazotrophs require (Raven 1988; Kustka et al. 2003) would consume most of the iron and leave Trichodesmium starving for iron. In the SCS, diatoms (Chen 2005) and coccolithophores (Chen et al. 2007a ) flourish more in winter than in summer. Because Trichodesmium is more susceptible to iron limitation, when the nitracline is shallow they are likely be outcompeted by the faster growing nondiazotrophs. The possibility of iron limitation thus can not be excluded.
Phosphorus deficiency has been identified as the key factor restraining the growth of Trichodesmium in the western North Atlantic (Wu et al. 2000) . In the present study, phosphorus deficiency was unlikely to be the limiting factor. Surface SRP concentrations in the SCS were not lower than in the Kuroshio, but Trichodesmium standing crop was lower in the SCS than the Kuroshio. In addition, the standing crop was higher in the summer when SRP was low than in the winter when SRP was high. The negative relationship between the standing crop and SRP concentration in both the Kuroshio and the SCS suggested that SRP probably did not limit Trichodesmium. An earlier study in the SCS also revealed a similar result (Wu et al. 2003) .
Turbulent water, which often is associated with cold, windy conditions, hinders Trichodesmium growth. Calm waters with low turbulence benefit aggregation of Trichodesmium trichomes and tend to enhance N 2 fixation. Conversely, individual, dispersed trichomes exhibit a lower N 2 -fixation rate (Carpenter and Price 1976) . The less stratified water column and deepened mixed layer in winter might result from high turbulence caused by the prevailing northeast monsoon. The monthly averaged wind speed measured 2 m above sea level at 21u549080N, 121u499220E by the Central Weather Bureau, Taiwan, in December 2006 was 11.5 m s 21 . Turbulence caused by the strong wind might have distressed the Trichodesmium population (Carpenter and Price 1976) .
Possible underestimation of N 2 -fixation-based new production-In addition to Trichodesmium, other diazotrophs such as Richelia intracellularis, a symbiont of diatoms (Y. L. L. Chen unpublished data) and unicellular diazotrophs (Chou et al. 2006 ) also occurred in the SCS. Their contributions to the N 2 -fixation-based new production were not covered in the present study; however, in the summer, in combination with the thriving Trichodesmium population, they could be an important nitrogen source supporting the relatively high primary production in the Kuroshio. Further studies measuring N 2 fixation in whole water from all diazotrophs are needed.
The contribution to new production by Trichodesmium N 2 fixation measured in the Kuroshio using the 15 N 2 method might be underestimated. Calculation of the carbon assimilation rate of Trichodesmium by assuming the Redfield ratio of 6.6 to convert N incorporation to C may have underestimated the new production, especially in summer when Trichodesmium was thriving. The ratios of C to N 2 fixation in the natural populations ranged between 1.2 and 703, which is greater than the canonical Redfield ratio of 6.6 (Orcutt et al. 2001) . Trichodesmium could release .50% of recently fixed nitrogen as bioavailable dissolved organic nitrogen (Capone et al. 1994; Glibert and Bronk 1994) or ammonium (Mulholland and Capone 2001; Mulholland et al. 2004 ) even in short incubations of 1-2 h (Mulholland and Bernhardt 2005) . The nitrogen exudation could account for up to 80-90% of N 2 fixation in a continuous culture of Trichodesmium IMS101 (Mulholland and Bernhardt 2005) and on average around 50% for natural populations (Mulholland 2007) . This source of nitrogen would benefit organisms nearby and enhance total primary production. Measurement of N 2 -fixation rate using the 15 N 2 technique does not allow inclusion of the exudation of 15 N-containing ammonium or dissolved organic nitrogen (Bronk and Glibert 1991; Glibert and Bronk 1994) after the 15 N 2 isotope is incorporated into phytoplankton cells. This could lead to an undesirable underestimation of the N 2 -fixation-based new production by Trichodesmium. Assuming that 50% of the newly fixed nitrogen was released during the N 2 -fixation measurement, the ratios of N 2 -fixation-based new production by Trichodesmium (N 2 -fix) to I NO 3 ÀNP plus N 2 -fix in the Kuroshio would at best be 0.16 in the summer.
Comparison of production in the Kuroshio with other waters-The seasonal variation of Trichodesmium N 2 fixation in the Kuroshio and the SCS was similar to that observed in the tropical North Atlantic Ocean , being highest in summer and lowest in winter. The latitudinal distribution of Trichodesmium N 2 fixation in this part of the West Pacific also was similar to that in the tropical-subtropical West Atlantic. Trichodesmium N 2 -fixation-based new production in the Kuroshio was 91.3 mmol N m 22 d 21 (unweighted mean) and ranged between 1.8 and 434.9 mmol N m 22 d 21 , which is higher than the range (0.1-59 mmol N m 22 d 21 ) obtained by Chang et al. (2000) in the Kuroshio near the East China Sea at 25uN, slightly downstream of the present study site. The N 2 -fixation-based new production in the upstream Kuroshio falls within the ranges observed in the tropical and subtropical North Atlantic. The tropical North Atlantic had a mean of 239 mmol N m 22 d 21 and ranged between about 60 and 898 mmol N m 22 d 21 ; N 2 -fixation-based new production by Trichodesmium in the subtropical North Atlantic was much lower (,10 mmol N m 22 d 21 ) because of low Trichodesmium abundance .
Although the upstream Kuroshio had a low phytoplankton standing crop, its primary productivity was not low. The mean primary production of 0.5 g C m 22 d 21 was within the textbook range (Schlesinger 1997, their (Carpenter et al. 2004 ). The mean primary production at the BATS station was 0.42 g C m 22 d 21 between 1989 and 1997 (Steinberg et al. 2001 ). The moderate but continuous primary production in the upstream Kuroshio provides the ecosystem trophic requirements to sustain fisheries of top predators. The deep euphotic zone in the Kuroshio allows phytoplankton to grow in relatively deep water and thus achieve primary production equivalent to that in the SCS. The relative scarcity of both biological and nonbiological particles in the surface water column of the upstream Kuroshio allowed a low light extinction coefficient and a deepened euphotic zone.
In conclusion, during summer in the upstream Kuroshio, the thriving Trichodesmium generated a considerable amount of new production that could alleviate the reduced primary production caused by decreased new production from nondiazotrophic phytoplankton due to nitrate depletion. In winter when the contribution from nitrogen fixation was lower because of the declining Trichodesmium population, the shoaling nitracline enhanced nitrate-uptake-based new production. The seasonal alternation of new production from either Trichodesmium nitrogen fixation or from nitrate uptake by nondiazotrophic phytoplankton maintained a moderate but sustaining productivity that accommodate a range of middle and top predators in this seemingly oligotrophic waterbody.
